Chen Y, Melton DW, Gelfond JAL, McManus LM, Shireman PK. MiR-351 transiently increases during muscle regeneration and promotes progenitor cell proliferation and survival upon differentiation. Physiol Genomics 44: 1042-1051, 2012. First published September 11, 2012; doi:10.1152/physiolgenomics.00052.2012.-MicroRNAs (miRNAs) regulate many biological processes including muscle development. However, little is known regarding miRNA regulation of muscle regeneration. Murine tibialis anterior muscle was evaluated after cardiotoxin-induced injury and used for global miRNA expression analysis. From day 1 through day 21 following injury, 298 miRNAs were significantly changed at least at one time point, including 86 miRNAs that were altered Ͼ10-fold compared with uninjured skeletal muscle. Temporal miRNA expression patterns included inflammation-related miRNAs (miR-223 and -147) that increased immediately after injury; this pattern contrasted to that of mature muscle-specific miRNAs (miR-1, -133a, and -499) that abruptly decreased following injury followed by upregulation in later regenerative events. Another cluster of miRNAs were transiently increased in the early days of muscle regeneration including miR-351, a miRNA that was also transiently expressed during myogenic progenitor cell (MPC) differentiation in vitro. Based on computational predictions, further studies demonstrated that E2f3 was a target of miR-351 in myoblasts. Moreover, knockdown of miR-351 expression inhibited MPC proliferation and promoted apoptosis during MPC differentiation, whereas miR-351 overexpression protected MPC from apoptosis during differentiation. Collectively, these observations suggest that miR-351 is involved in both the maintenance of MPC proliferation and the transition into differentiated myotubes. Thus, a novel, timedependent sequence of molecular events during muscle regeneration has been identified; miR-351 inhibits E2f3 expression, a key regulator of cell cycle progression and proliferation, and promotes MPC proliferation and protects early differentiating MPC from apoptosis, important events in the hostile tissue environment after acute muscle injury.
and then exit the cell cycle either to renew the quiescent satellite cell pool or to differentiate into mature myofibers (1) . Despite recent advances, genes involved in these processes are still largely unknown. Understanding the molecular mechanisms that regulate satellite cell activities could promote development of novel countermeasures to enhance muscle regeneration that is compromised by diseases or aging.
Both cell proliferation and differentiation programs are essential for muscle regeneration. The decision to differentiate or proliferate represents a critical point in the development of multicellular organisms. Mammalian cells must cease proliferating to enter the G0 phase of the cell cycle either right before or during differentiation; terminal cell cycle exit is regulated by a complex network of extra-and intracellular signaling pathways and checkpoints. For example, the retinoblastoma tumor suppressor family (pRb, p107, and p130) acts as transcriptional regulators in concert with E2f to control cell cycle entry and progression (4, 46, 53) . On the other hand, myogenic differentiation is controlled by interactions of a network of myogenic transcription factors. Paired box proteins (Pax3 and Pax7) are involved in myogenic cell lineage determination and specification (47, 50, 63) , whereas primary basic helix-loop-helix myogenic regulatory factors (MRFs), MyoD and Myf5, and secondary MRFs, myogenin and MRF4, function downstream in terminal differentiation (31) . Thus, a dynamic transcription factor network regulates myogenic cell proliferation and differentiation.
Recent evidence suggests that small noncoding RNAs, such as microRNAs (miRNAs), are involved in muscle proliferation and differentiation (5, 17) . MiRNAs silence gene expression by binding to the 3=-untranslated region (UTR) of target mRNAs, inhibiting initiation of translation and/or promoting transcript cleavage (16) . Muscle-specific miRNAs (miR-1, -133, -206, -208, and -499) have been identified and are involved in a range of processes including muscle development and disease (6, 38, 41, 58, 68) . MiR-133a increases myoblast proliferation via repression of serum response factor (SRF) (6) , while miR-1 stimulates myoblast differentiation via inhibition of histone deacetylase 4 (HDAC4) (6) . Similarly, miR-206 influences the differentiation program via an indirect downregulation of the helix-loop-helix protein Id, a repressor of MyoD (30) . In addition, nonmuscle-specific miRNAs, such as miR-26a and miR-181, also regulate skeletal muscle differentiation (40, 64) and regeneration after injury (40) . Using primary cultures of myogenic progenitor cells (MPC), we have identified multiple miRNAs that are differentially expressed during proliferation and/or differentiation (7) . These miRNAs may represent new regulatory elements in muscle regeneration.
Given the growing importance of miRNAs in regulating gene expression in skeletal muscle, the objectives of the present study were to identify miRNAs involved in muscle regeneration. Using a cardiotoxin (CTX)-induced mouse muscle injury/regeneration model, comprehensive array analyses revealed distinct miRNA expression patterns following muscle injury and regeneration. Functional analysis of one of the miRNAs, miR-351, indicated regulatory roles in MPC proliferation and survival during differentiation. Further evidence has been provided that E2f3 is a direct target of miR-351, thus revealing a novel role of this miRNA in the regulation of muscle regeneration.
MATERIALS AND METHODS
CTX muscle injury mouse model. All procedures complied with the National Institutes of Health (NIH) Animal Care and Use Guidelines and were approved by the Institutional Animal Care and Use Committee of the University of Texas Health Science Center at San Antonio and at the South Texas Veterans Health Care Systems (San Antonio, TX). C57Bl/6J male mice were obtained from The Jackson Laboratory and used at 4 -6 mo of age. Mice were anesthetized with inhalation of 1-2% isoflurane (Vedco) and placed on a warming pad to maintain body temperature during the procedure. CTX (Calbiochem) (2.5 M in pyrogen-free saline) was injected intramuscularly below the knee into the anterior (100 l) compartments of both hind limbs. Tibialis anterior (TA) muscles were collected at baseline (no injections) and at days 1, 3, 4, 7 , and 21 after CTX injection (n ϭ 4 mice/time point). The tissues were weighed; half of the muscle was homogenized in QIAzolLysis Reagent (QIAGEN) using TissueRuptor (QIAGEN) and stored at Ϫ80°C until use; the other half was placed in 10% neutral buffered formalin (NBF) for histological examination to confirm the extent and time course of muscle injury and regeneration.
Histochemistry. TA muscle tissues were collected en bloc from the anterior compartment and placed in 10% NBF for routine paraffin embedding. All paraffin-embedded specimens were sectioned (6 m) and stained with hematoxylin and eosin prior to light microscopic examination.
RNA isolation. Total RNA was isolated using miRNeasy Minikit (QIAGEN) according to manufacturer's instructions. RNA integrity was assessed by Agilent 2100 Bioanalyzer (Agilent Technologies) and RNA samples with RNA integrity number Ͼ9 were used in the array studies.
Quantitative real-time reverse transcriptase polymerase chain reaction. The mRNA expression of E2f3 during in vivo muscle regeneration was determined by quantitative real-time reverse transcriptase polymerase chain reaction (qRT-PCR) using the Taqman Universal PCR Master Mix and Taqman microRNA Assays (Applied Biosystems, Foster City, CA). Specific primers were designed based on published gene sequences (NCBI Entrez search system). The comparative cycle threshold (Ct) method was used to calculate the relative E2f3 expression compared with baseline (uninjured) muscle. The housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as an endogenous control after confirming the % coefficient of variation of the mRNA expression was Ͻ5% over the time course of the experiment.
TaqMan qRT-PCR microRNA array. The stem-loop qRT-PCR based TaqMan Rodent MicroRNA Array A (Applied Biosystems) containing primers and probes of 335 murine miRNAs was used. qRT-PCR reactions were performed as previously described (8) . All reagents were obtained from Applied Biosystems. Briefly, 500 ng of total RNA was reverse-transcribed using Megaplex RT Primers and the TaqMan miRNA reverse transcription kit. cDNA templates were amplified using Megaplex PreAmp Primers and TaqMan PreAmp Master Mix. Quantitative real-time RT-PCR was performed using an Applied Biosystems 7900HT system and a TaqMan Universal PCR Master Mix. Ct values were calculated with SDS software v.2.3 (Applied Biosystems) using automatic baseline settings and a threshold of 0.2. The comparative Ct method was used to calculate the relative miRNA expression. The Ct value of an endogenous control gene (MammU6, snRNA) was subtracted from the corresponding Ct value for the target gene resulting in the ⌬Ct value.
MPC isolation and cell culture. MPC isolations were performed as previously described (7) . Cells were isolated from the hind limb muscles of 8 -16 wk old male C57BL/6J mice (Jackson Labs); all muscles from the thigh and below the knee from two mice were used for each isolation. Primary MPC were cultured in growth medium (GM) containing Ham's F-10 (Invitrogen), 20% FBS, 10 ng/ml fibroblast growth factor-2 (Promega), 100 U/ml penicillin G, and 100 g/ml streptomycin and grown on type I collagen (0.1 mg/ml, Sigma)-coated tissue culture plates. All analyses were performed with primary MPC cultures within five passages. For MPC proliferation, cells were cultured in GM and plated on type I collagen-coated flasks at a density of 5 ϫ 10 5 cells/T25 flask. Cell proliferation was evaluated by total cell counts using a hemocytometer and cell cycle analysis as previously described (7) . For MPC differentiation, cells were seeded on entactin-collagen IV-laminin (ECL, 5 g/cm 2 , Millipore)-coated plates at a density of 4 ϫ 10 5 cells/60 mm dish, allowed to adhere for 24 h in GM (day 0), and switched to differentiation medium (DM) composed of 2% horse serum (Invitrogen), 100 U/ml penicillin and 100 g/ml streptomycin in DMEM.
Mouse C2C12 myoblasts [American Type Culture Collection (ATCC)] were cultured in growth media containing Dulbecco's Modified Eagle Medium (DMEM) (ATCC), supplemented with 10% fetal bovine serum (FBS) (Hyclone) and 1% penicillin-streptomycin (Mediatech) at 37°C in a humidified atmosphere of 5% CO2 in air.
Transfection and luciferase assays. MiR-351 overexpression and inhibition were achieved by transfection of miRIDIAN miRNA mimic (Thermo Scientific) and LNA antisense oligonucleotides (Exiqon), respectively as previously described (7) . Transfection was performed in growth medium at a final concentration of 25 nM using Lipofectamine RNAiMAX reagent (Invitrogen); reverse transfection procedure was performed according to the manufacturer's instructions.
Full-length 3=-UTR of E2f3 gene was amplified by PCR and inserted into the firefly luciferase reporter immediately downstream from the stop codon (22) . Mutation in the miR-351 target site was introduced by PCR amplification using appropriate oligonucleotides. For luciferase assays, C2C12 cells were transfected in six-well plates, using Lipofectamine LTX, with firefly luciferase reporter vectors (0.7 g), together with a Renilla luciferase control vector (0.07 g) (Promega). For each well, 25 nM miR-351 mimic or a scramble control miRNA was cotransfected with the reporter constructs. Luciferase activity was measured 24 h after transfection using the Dual Luciferase Reporter Assay System (Promega). Firefly luciferase activity was normalized to Renilla luciferase activity.
Apoptosis assay. MPC were transfected with miR-351 mimic or antisense and switched to serum-free medium (DMEM ϩ 1% bovine serum albumin) or differentiation medium 1 day after transfection (day 0). Caspase activity was determined at indicated time points using the Image-iT LIVE Green Poly Caspases Detection Kit (Invitrogen). The cell cultures were washed with PBS and treated with the caspase reagent as specified in the manufacturer's protocol. The cells were digitally photographed using a fluorescence microscope with a ϫ20 objective lens (Eclipse TE2000-U microscope equipped with a high resolution DXM 1200F digital camera; Nikon, Melville, NY). For a given field, caspase-positive nuclei were determined and expressed as a percentage of the total number of nuclei (identified with Hoechst 33342).
Western blot. Nuclear extracts were made using the NE-PER kit (Pierce). E2f3 and TATA binding protein (TBP, nuclear protein loading control) were detected using the anti-E2f3 (N-20, Santa Cruz) and anti-TBP (1TBP18, Abcam) antibodies. For immunoblotting, cell lysates (20 g) were resolved on 15% SDS-polyacrylamide gels and transferred onto polyvinylidene difluoride membranes (Hybond-P, Amersham Biosciences). Membranes were blocked with 2% nonfat milk for 1 h and then incubated with the primary antibody followed by a horseradish peroxidase-conjugated secondary antibody, and ECL-PLUS Detection System (Amersham Biosciences) was used as substrate for chemiluminescent detection. The band intensity was quantitated using Image J software. Data were normalized to the intensity of TBP bands.
Data analysis. MiRNAs were included in analyses when at least 50% of the measurements (Ն12 measurements) were detectable (Ct Յ30). The LIMMA software package was used to estimate the log fold-change and false discovery rate (FDR) (52), a corrected P value for multiple comparisons in multiple hypothesis testing. A miRNA was identified as differentially expressed when FDR Ͻ0.05 and fold change Ͼ2. The clustering was performed using the hierarchical method with average linkage and Euclidean distance metric (12) . The Log2-transformed intensity values were centered by subtracting the median Log2 values across all the samples for individual miRNAs and used for cluster analysis to generate the heat map (Java Treeview) (48) . Comparisons of miRNA expression and MPC proliferation were performed by paired t-test; data are expressed as means Ϯ SD. Comparisons of E2f3 expression during muscle regeneration were made relative to baseline and significance determined by a one-way ANOVA test.
RESULTS
Distinct miRNA expression patterns during skeletal muscle injury and regeneration. CTX injected into TA muscles of the hind limb created a consistent histological pattern of skeletal muscle injury and regeneration ( Fig. 1) . Within 1 day post-CTX, extensive myocyte necrosis was associated with profound edema and inflammatory cell infiltrates consisting mainly of neutrophils ( Fig. 1 ). Mononuclear cells largely replaced neutrophils by days 2-3. Regenerated myofibers were readily identified by day 4 as mono-or binucleated, large cells with prominent nuclei and an intensely basophilic cytoplasm. Myofibers progressively increased in size through day 21. Muscle morphology at day 21 after injury was not different from that of the uninjected, control muscles except for the presence of centrally located nuclei in myofibers, a histological hallmark of recent muscle regeneration (69) . These results confirmed the time course of early events in CTX-induced injury and subsequent regeneration of TA muscle, i.e., the regeneration process morphologically shifts from myocyte necrosis and mononuclear cell proliferation to myocyte differentiation/myofiber formation at days 3-4 after injury (67) .
MiRNA profiling in baseline noninjured muscle (day 0) was compared with miRNA expression at days 1, 3, 4, 7, and 21 post-CTX. Of the 335 murine miRNAs examined, 212 (63%) or 86 (26%) were differentially expressed with more than 2-or 10-fold change compared with baseline muscle, respectively (FDR Ͻ 0.05). Additionally, five miRNAs (miRs-17, 20b, 92a, 221, and 342) exhibited significant (FDR Ͻ 0.05) but lower fold change between 1.5 and 2. The number of differentially expressed miRNAs varied throughout the time course of muscle regeneration ( Fig. 2A) . Compared with baseline, 140 miRNAs were downregulated with Ͼ2-fold change at day 1. Although individual miRNA subsequently proceeded through unique expression patterns of up-and downregulation, the net number of miRNAs that were initially decreased was reduced over time. Conversely, the number of upregulated miRNAs progressively increased and was maximum at day 7 postinjury. Data for all miRNA expression were submitted to the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) with the series accession number GSE37479.
Patterns of miRNA expression during muscle regeneration were assessed by a hierarchical cluster analysis of the 86 differentially expressed miRNAs with more than a 10-fold change. Thus, miRNAs were clustered into one of three distinct expression patterns (Fig. 2B): cluster A, upregulation between days 1 and 7 postinjury followed by a decrease to baseline expression levels (n ϭ 10); cluster B, downregulation between days 1 and 7 postinjury followed by an increase to baseline expression levels (n ϭ 43); and cluster C, transient (day 1) downregulation followed by progressive upregulation through days 4 -7 postinjury and a return toward baseline expression levels thereafter (n ϭ 33). Multiple miRNAs have been confirmed their expression patterns by individual real-time PCR (data not shown). MiRNAs within each cluster are provided in Supplemental Table S1 . 1 The temporal patterns of miRNA expression identified above suggested distinct regulatory functions of clustered miRNAs relative to key biological events following injury and during muscle regeneration. In keeping with this possibility, inflammation-associated miRNAs, miR-223 and -147 (29, 35) , in cluster A were transiently upregulated immediately after injury, a likely result of participation in essential inflammatory cell events. Similarly, cluster B included miRNAs associated with mature muscle, i.e., miR-1, -133, and -499, which were downregulated immediately after injury and returned toward baseline at day 21; this expression pattern is consistent with the role of these miRNAs in the maintenance of muscle differentiation and/or fiber type specification (6, 58) . To explore the general roles of microRNAs in cluster A in inflammation and cluster B in myogenesis, predicted gene targets of various miRNAs in both clusters were explored using the TargetScan Mouse 5.1 algorithm (http://www.targetscan.org/) and their functional annotation determined by the DAVID analysis (http://david.abcc.ncifcrf.gov/)(Supplemental Tables S2 and  S3 ). Many of the miRNAs explored in cluster A regulate genes that would promote inflammation, which indicates an important role of these miRNA in controlling the inflammatory response. While miRNAs explored in cluster B clearly regulate genes involved in myogenesis, particularly key myogenic transcription factors (i.e., Pax3 and Pax7). Given the temporal relationships of these well-studied miRNAs relative to morphologically confirmed events in our highly reproducible in vivo model of muscle injury and regeneration, further efforts were undertaken to identify novel miRNAs involved in muscle regeneration.
MiR-351 exhibited peak expression during the early phase of muscle differentiation. Since miRNAs in cluster C have peak expression at day 4 or day 7, concurrent with morphological evidence of myogenic differentiation, i.e., regenerated myofiber formation, we focused on genes with peak expression patterns in this cluster as being the most likely to serve a role in the coordinated induction of muscle differentiation. Not surprisingly, several cell cycle-related miRNAs, miR-31, -34c, and -292-3p (2, 28, 34) , were present in cluster C. Also within this cluster, miR-351 exhibited a significant change with peak expression at day 4 postinjury (Fig. 3A) .
To explore the muscle specificity of miR-351 in muscle regeneration, the expression of miR-351 was assessed during the time course of MPC differentiation in vitro. Cultured MPC rapidly differentiate in low serum (7) . Herein, 30 Ϯ 2% of murine MPC were differentiated within 1 day as evidenced by myosin heavy chain (MHC) protein expression. Subsequently, the percentage of differentiated cells progressively increased, reaching 73 Ϯ 5% and 94 Ϯ 1% at days 2 and 5, respectively. In parallel, miR-351 was upregulated during MPC differentiation with peak expression at day 2 followed by a decline thereafter (Fig. 3B) . Thus, both in vivo and in vitro, miR-351 expression patterns were temporally similar and correlated with muscle cell differentiation. 1 The online version of this article contains supplemental material. MiR-351 antisense inhibited MPC proliferation. Transfection of proliferating MPC with miR-351 antisense oligonucleotides inhibited (P Ͻ 0.001) miR-351 expression compared with a scramble sequence used as a control (Fig. 4A) . In parallel, MPC proliferation at days 2-3 posttransfection was reduced (P Յ 0.004) (Fig. 4B) . At day 3, the percentages of S and G2 phase cells were reduced (P Յ 0.011) and G1 phase cells were correspondingly increased following miR-351 antisense transfection (Fig. 4C) . However, no marked cell death was observed by caspase assays in either miR-351 antisense or scramble control transfected MPC (3.7 Ϯ 1.2% vs. 2.9 Ϯ 0.9% caspase-positive nuclei, miR-351 antisense vs. scrambled oligonucleotide control, respectively).
MiR-351 protected MPC from apoptosis during differentiation. MPC differentiation was induced in proliferating MPC by exposure to low serum 1 day after miR-351 antisense transfection (Fig. 5, A-H) . Compared with cells treated with scramble oligonucleotides, the cell number was decreased (P Ͻ 0.001) at differentiation day 1 in miR-351 antisense transfected cells (Fig. 5G) , and few antisense-treated cells survived at differentiation day 3. Using a poly-caspase assay to detect apoptosis, caspase activation was similar between miR-351 antisense and scramble transfected cells when MPC were cultured for 24 h in growth medium (differentiation day 0, Fig.  5H ). However, within 24 h of MPC differentiation, caspase activation was increased (P Ͻ 0.001) in miR-351 antisense transfected MPC, i.e., 58 Ϯ 7% vs. 3 Ϯ 2% caspase-positive nuclei, miR-351 antisense vs. scrambled oligonucleotide control, respectively (Fig. 5, A-F and H) . Thus, miR-351 expression in cultured MPC has different consequences depending on whether the cells are proliferating or differentiating.
To further assess the antiapoptotic effect of miR-351 during MPC differentiation, MPC were transfected with miRNA mimics and cultured under serum-free conditions. Not surprisingly, miR-351 mimic resulted in a Ͼ30-fold overexpression of miR-351 (Fig. 6A) and a significant increase of cell number at differentiation day 2 compared with scramble control (Fig. 6B , P ϭ 0.014). In parallel, 2 days in serum-free medium resulted in 21 Ϯ 4% of caspase-positive nuclei in scramble-transfected MPC, whereas apoptosis was reduced (P ϭ 0.001) to only 8 Ϯ 3% caspase-positive nuclei with miR-351 overexpression (Fig.   6C ). Thus, overexpression of miR-351 protected differentiating MPC from apoptosis in serum-free conditions.
E2f3 is a direct target of miR-351 in myoblasts.
To gain insight into the biological function of miR-351 in muscle regeneration, we evaluated the predicted target genes of miR-351, as identified by TargetScan Mouse 5.1 algorithm (http:// www.targetscan.org/) and subjected this list to functional annotation by DAVID (http://david.abcc.ncifcrf.gov/). Annotation of 472 highly conserved target genes revealed enrichment of genes involved with protein catabolism, cellular synthesis, regulation of transcription, cell migration, and apoptosis (Table 1) . Of interest, E2f3 mRNA has a target site in its 3=-UTR with high complementarity to miR-351 (Fig. 7A ). We were particularly interested in E2f3 because of its essential roles in cell proliferation, apoptosis, and myogenic differentiation (3, 10, 37, 44) .
To determine if E2f3 is a direct target of miR-351, a luciferase reporter with E2f3 3=-UTR was transfected into C2C12 myoblasts. Compared with control, luciferase activity decreased (P ϭ 0.001) in cells transfected by reporters with E2f3 3=-UTR (Fig. 7B) . Mutation in the miR-351 seed target sequence increased (P ϭ 0.011) luciferase activity but did not fully restore the repressed luciferase activity (Fig. 7B) , suggesting either that the E2f3 3=-UTR has multiple miR-351 target sites with nonseed matching sequence(s) that have not been identified (33) or that the E2f3 3=-UTR is targeted by multiple miRNAs in addition to miR-351. To differentiate these possibilities, the luciferase reporter with the E2f3 3=-UTR was cotransfected with either miR-351 antisense or mimic. MiR-351 antisense rescued the luciferase activity to similar levels compared with C2C12 cells transfected with the mutated E2f3 target site, whereas, miR-351 mimics decreased luciferase activity Ͼ50% (Fig. 7C) . These results are consistent with the working hypothesis that E2f3 expression is regulated by multiple miRNAs such that miR-351 knockdown or target sequence mutation could not fully recover luciferase activity. Interestingly, E2f3 is also a predicted target of both miR-433 and -298, miRNAs that exhibited similar expression patterns as miR-351 during the time course of muscle regeneration (Supplemental Table S1 ).
To determine if miR-351 regulated endogenous E2f3 expression, C2C12 myoblasts were transfected with miR-351 mimic and E2f3 protein was decreased (P ϭ 0.021) (Fig. 7D) without changes in E2f3 mRNA levels (1.1 Ϯ 0.1-fold compared with scramble control). Taken together, these results indicate that miR-351 represses E2f3 expression in myoblasts by translational inhibition. Interestingly, E2f3 mRNA exhibits a temporary expression pattern during in vivo muscle regeneration (Fig. 7E) . The mRNA of E2F3 had peak expression (7.2 Ϯ 3.8-fold compared with baseline, P ϭ 2.9 ϫ 10 Ϫ15 ) 1 day following injury, gradually returns back to baseline by day 7, and decreases below baseline by day 21 (P ϭ 1.9 ϫ 10 Ϫ8 ).
These results suggest that E2f3 expression is precisely regulated by both transcriptional and posttranscriptional mechanisms during muscle regeneration.
DISCUSSION
Skeletal muscle repair is a highly synchronized process involving the activation of various cellular responses. The initial phase of muscle repair is characterized by necrosis of the damaged tissue and activation of an inflammatory response including neutrophils and macrophages. The initial phase is rapidly followed by activation of satellite cells to proliferate, differentiate, and fuse, leading to new myofiber formation and reconstitution of a functional contractile apparatus. Dynamic morphological changes were observed during the time course of CTX-induced mouse muscle injury and regeneration. In parallel, a temporal miRNA expression pattern was identified during the process of muscle regeneration (clusters A-C, Fig.  2B ), indicating distinct roles of each group of miRNAs at different regenerative stages. These differentially expressed miRNAs will provide useful data sets in identifying biological pathways and individual molecules that may be important mediators of muscle regeneration. Toward this goal, functional analysis of miR-351, one of the miRNAs in cluster C, indicated regulatory roles in MPC proliferation and survival during differentiation, and identified E2f3 as a novel gene target. Thus, we present miR-351 as a novel regulatory component in muscle regeneration via control of E2f3 expression.
After muscle damage, inflammatory cells, initially neutrophils then macrophages, infiltrate the area. The onset and the extent of infiltrating inflammatory cells played active roles in muscle injury and repair (55, 57) . Macrophages are essential for the removal of necrotic tissue, assisting in the conversion of the hostile, postinjury milieu into an environment that is more conducive to regeneration. Macrophages also produce a vast array of growth factors and enzymes that influence many aspects of the regenerative process including angiogenesis and the chemotaxis, proliferation, and differentiation of myoblasts (20) . Corresponding to the initial phase of muscle injury, a group of miRNAs, upregulated immediately after injury (cluster A, Fig. 2B ), including miR-147 and -223, were induced in multiple immune cells, such as neutrophils and macrophages (29, 35) . MiR-200 family members, miR-141, -200a, and -429, also clustered in this group, were upregulated in response to oxidative stress and were involved in insulin-like growth factor-signaling pathway (26, 61) . Additionally, inflammationrelated gene functions were found to be significantly enriched by predicted gene targets of miRNAs in cluster A (Supplemental Table S2 ). Thus, cluster A miRNAs may contribute to specific changes in gene expression associated with inflammatory reaction in the early phase of muscle injury. In contrast to the immediate increased miRNA expression in cluster A, the expression of muscle specific miR-1, -133, and -499 decreased after muscle injury and returned toward baseline in association with new myofiber formation (cluster B, Fig.  2B ). The muscle-specific miRNAs regulate fundamental processes of satellite cell proliferation and differentiation under the control of myogenic transcription factors (6, 58, 62) . Additional miRNAs reported to function in skeletal myogenesis, including miR-26a (64), -29 (60), and -486 (51), were also grouped in this cluster. The expression pattern of the miRNAs in cluster B was consistent with roles in regulating muscle differentiation and/or fiber type. These roles were further supported by the enrichment of myogenesis and muscle development-related gene functions enriched by predicted gene targets in several miRNAs in cluster B (Supplemental Table  S3 ). These findings support the use of our in vivo animal model for the identification of essential miRNAs in the regulation of muscle regeneration.
In skeletal muscle, the processes of proliferation and differentiation are mutually exclusive. The decision of whether myoblasts should continue to proliferate or switch into a differentiation pathway is regulated by the balance of positive and negative cell-cycle regulators (11) . MiRNAs have been functionally integrated into many crucial cell-cycle control pathways in both physiologic settings and in disease states (9) . Interestingly, we identified a group of miRNAs transiently upregulated in the early days of muscle regeneration (cluster C, Fig. 2B ) including cell cycle-related miR-34c, -107, and -292 (2, 18, 34) . The miR-34 family of miRNAs have been repeatedly implicated as important regulators of the cell cycle and are directly induced by p53 (24) . MiR-34 is able to induce cell cycle arrest by decreasing CDK4 and Cyclin E/CCNE2 protein levels (23) . In addition, miR-34 modulates the expression of different E2f family members linking the p53 pathway with the progression through the G1/S transition in a pRB-independent manner. Similarly, miR-290 -295 cluster promotes pluripotency maintenance by regulating cell cycle phase distribution in mouse embryonic stem cells (34) . The temporal expression pattern of cluster C miRNAs of a transient increase at days 3-4 after injury suggests possible roles for these miRNAs in controlling the transition from MPC proliferation to differentiation.
Supporting this hypothesis, miR-351 exhibited a similar expression pattern during in vitro MPC differentiation, with a peak expression at early phase of MPC differentiation. Consistent with the temporal expression pattern, knockdown of miR-351 expression inhibited MPC proliferation with significant reduction in S and G2 phase cells with increased G1 phase cells. These results indicated that miR-351 was involved in MPC proliferation by cell cycle regulation. Interestingly, using computer prediction tools and experimental approaches, we demonstrated E2f3 as a novel target of miR-351. The E2f family of transcription factors function as key regulators of cell cycle progression and proliferation (27, 44) . The classic view is that E2Fs determine the timely expression of many genes required for entry into and progression through the S phase of the cell cycle (4, 46, 53) . In line with this regulation, overexpression of E2F1, E2F2, or E2F3a induces quiescent immortalized cells to enter S phase (14) . However, it has become clear that transcriptional activation of S phase-related genes is only one facet of E2F activity; it is now known that E2Fs both transactivate and repress gene expression. E2F1 overexpression in primary fibroblasts does not lead to S-phase entry but instead promotes senescence (15, 36) . This indicates that the proliferative activity of E2fs is cell context-dependent. In addition, E2f1-deficient mice develop a wide variety of cancers, which indicate an in vivo tumor-suppressor role for activating E2fs (66) . Thus, E2f3 might be a critical target that mediated the antiproliferative effects of miR-351 antisense in MPC.
During muscle development, somite-derived myoblasts differentiate into multinucleated skeletal muscle fibers. Myoblasts that fail to form muscle fibers initiate apoptosis and are rapidly lost (45, 49) . The state of myogenic differentiation influences the propensity of MPC to undergo apoptosis (59) . The coordinated regulation of cell proliferation, differentiation, and apoptosis is necessary to regulate muscle mass during myogenesis. The molecules controlling the apoptosis cascade, such as caspase-3 and caspase-8, are also involved in differentiation in skeletal muscle fibers (13, 19) . Recent work demonstrated that -04  SYVN1, USP2, UBE2G1, PPP2R5C, MAN1B1, ASB13, ZNRF1, EDEM1, UBE2R2, FBXW4, USP38,  USP12, USP37, YOD1, FBXO42, TRAF6, FBXO45, RNF144A, UBE2J1, UBE2L3, ATG4D,  UBR7, 1110018G07RIK, SMURF1, TNFAIP3, MyoD regulates apoptosis of MPC through miR-1 and -206-mediated downregulation of Pax3 (25) . In this study, we demonstrated that decreased miR-351 expression during MPC differentiation-induced apoptosis through caspase activation, whereas miR-351 overexpression protected MPC from apoptosis in serum-free culture conditions, potentially mimicking the hostile environment present after muscle injury. Although miR-351 is present only in mice and rats, it belongs to the miR-125 family, the human ortholog of miR-351. MiR-125 family performs varied roles in human embryonic stem cell differentiation, cancer, and inflammation (54, 56, 65) . Recent studies have demonstrated that miR-125b inhibited p53-dependent apoptosis pathway and mediated antiapoptotic effect in breast cancer cells by suppression of proapoptotic Bcl-2 antagonist killer 1 (Bak1) expression (32, 70) . The complementary expression of miR-351 and miR-125b in mice and marmosets suggests a parallel role played by these miRNAs in mice and primates (39) . It has become clear that E2fs function is cell context dependent; E2f1-3 switch from transcriptional activators in progenitor cells to repressors in differentiating cells, revealing distinct roles in cell growth and differentiation (10) . Furthermore, E2f3, and in some settings E2f1, induce apoptosis through p53-dependent or -independent pathways (37, 44) . The complexity of such regulatory mechanisms indicates that miR-351 might regulate, depending on context, either MPC proliferation or apoptosis partially through posttranscriptional regulation of E2f3. Because miR-351 is predicted to target multiple genes involved in apoptosis (Table 1) , the antiapoptotic effect of miR-351 may be mediated by coordination of multiple targets.
In conclusion, our results suggest that transient in vivo expression patterns of miRNAs play important roles during the time course of muscle regeneration; a model of these events is provided in Fig. 8 . In vitro, miR-351 expression was required for MPC proliferation; increased expression protected MPC from apoptosis when mitogenic signals were removed and differentiation signals were present (Fig. 8A) , protecting early differentiating MPC from a hostile, serum-free environment. A: predicted target site of miR-351 in the 3=-untranslated region (UTR) of mouse E2f3. An E2f3 3=-UTR mutant (E2f3 mut) was produced by introducing mutation in the seed sequence as indicated. B and C: luciferase assays were performed at day 2 after transfection of a mock control or luciferase reporters bearing intact or mutant E2f3 3=-UTR into myoblasts. To measure the effect of miR-351 on luciferase activity, the luciferase reporter fused to an intact E2f3 3=-UTR was cotransfected with either miRNA antisense or mimic and compared with that of scramble control (Ctrl). The results were expressed as firefly luciferase activity relative to the renilla luciferase expressed from a cotransfected plasmid and serving as a transfection control. D: endogenous E2f3 protein levels were determined by Western blot 2 days after transfection of miR-351 mimic or a scramble control (Ctrl) in myoblasts. Quantification of Western blot results was performed using scanning and ImageJ software.
Results are expressed as integrated optical density normalized to TATA box binding protein (TBP) content; *P Յ 0.04, #P Յ 0.004. E: E2f3 mRNA expression was determined during in vivo muscle regeneration at 1, 3, 4, 7, and 21 days postinjury by qRT-PCR. Data are reported as fold change compared with uninjured baseline (B) muscle, 95% confidence intervals, 4 -6 per mice/time point, and **P Ͻ 0.001. eration. Muscle-specific and other miRNAs (cluster B) were upregulated in the late phase of muscle regeneration and are implicated in myofiber formation and identity (Fig. 8B) . A group of miRNAs transiently expressed during regeneration (cluster C) may be involved in MPC proliferation and differentiation by cell cycle regulation. In cluster C, miR-351 mediated the cell fate decision of MPC proliferation to differentiation while protecting early differentiating MPC from apoptosis in the hostile, postinjury environment, allowing the survival of early differentiating muscle fibers. Future studies will further determine the regulatory mechanisms of how miR-351 and its mRNA targets may play important roles during muscle regeneration.
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